Ribulose-1,5-bisphosphate carboxylase (RuBPCase) was purified from the marine chromophyte Olisthodiscus luteus. This study represents the first extensive analysis of RuBPCase from a chromophytic plant species as well as from an organism where both subunits of the enzyme are encoded on the chloroplast genome. The size of the purified holoenzyme (17.9 Svedberg units, 588 Although all chlorophytes code for the LS and SS of this enzyme in the nucleus and chloroplast, respectively (11, 30) , in the chromophytic alga Olisthodiscus luteus, immunoprecipitation of protein products synthesized in the presence of the cytoplasmic ribosome inhibitor cycloheximide gives evidence that both subunits of RuBPCase are synthesized in the chloroplast (20). Expression of the LS and SS polypeptides in a linked transcription-translation system using a cloned 0. luteus ctDNA fragment demonstrates (20) definitively that both genes are encoded on the plastid genome. The rbcL and rbcS genes are present on a large 20 kb inverted repeat which also contains psbA and ribosomal RNA cistrons (20) (TP Delaney, RA Cattolico, unpublished data). To date, except in Chlamydomonas eugametos (10) and Pelargonium (17) where the rbcL gene is also present on an inverted repeat, the large subunit of RuBPCase is present in single copy on every chloroplast genome analyzed. Gene arrangement of rbcL and rbcS in the eukaryote 0. luteus appears to be similar to that observed in cyanelles (permanent blue-green algallike symbionts which are present in a diverse array of colorless host cells) and blue-green algae. The close proximity of rbcL and rbcS in 0. luteus suggests that both these genes may be under the control of a single promotor as seen in prokaryotes and cyanelles (16, 25) .
Mg2" for enzyme activation have also been analyzed. The Michaelis constants for the substrates of the carboxylation reaction (CO2 and ribulose bisphosphate) were shown to be 45 and 48 micromolar, respectively. Competitive inhibition by oxygen of RuBPCase-catalyzed CO2 fixation was also demonstrated. These data demonstrate that a high degree of RuBPCase conservation occurs among widely divergent photoautotrophs regardless of small subunit coding site. Photoautotrophy in eukaryotic cells is hypothesized to have occurred approximately 1.5 billion years ago when a colorless host cell phagocytosed and maintained a photosynthetic prokaryote as a symbiont. Controversy exists on whether this early host/prokaryotic relationship occurred in a monophyletic or polyphyletic manner (4, 20) . A monophyletic scheme suggests that the symbiotic event which took place in early evolutionary time involved a single ancestor-host interaction whereas a polyphyletic origin implies that more than one type of ancestral symbiont existed and thus many different host-symbiont associations could have occurred. Either scheme potentiates enormous diversity among modem day plastids.
Though the debate on the mode of ancestral chloroplast acquisition continues, it is universally recognized that the plastids of extant plants vary both biochemically and morphologically. Differences among plastids include primary pigment composition, storage product type, thylakoid arrangement, limiting membrane number, and DNA localization within the organelle (4) . ' This work was supported by National Science Foundation grant PCM-83 16321 to R.A.C., and a predoctoral Public Health Service Award GM07270 and Sigma Xi research Grant in-aid to S.M.N. Speculation on whether chloroplast DNA (ctDNA) coding profile and gene arrangement are similar or vastly different among these phylogenetic groups has been hampered by a paucity of information on ctDNA in nonchlorophytic plants. Recent studies in our laboratory have focused on an analysis of the coding site of the important photosynthetic enzyme RuBPCase.2 Although all chlorophytes code for the LS and SS of this enzyme in the nucleus and chloroplast, respectively (11, 30) , in the chromophytic alga Olisthodiscus luteus, immunoprecipitation of protein products synthesized in the presence of the cytoplasmic ribosome inhibitor cycloheximide gives evidence that both subunits of RuBPCase are synthesized in the chloroplast (20) . Expression of the LS and SS polypeptides in a linked transcription-translation system using a cloned 0. luteus ctDNA fragment demonstrates (20) definitively that both genes are encoded on the plastid genome. The rbcL and rbcS genes are present on a large 20 kb inverted repeat which also contains psbA and ribosomal RNA cistrons (20) (TP Delaney, RA Cattolico, unpublished data). To date, except in Chlamydomonas eugametos (10) and Pelargonium (17) where the rbcL gene is also present on an inverted repeat, the large subunit of RuBPCase is present in single copy on every chloroplast genome analyzed. Gene arrangement of rbcL and rbcS in the eukaryote 0. luteus appears to be similar to that observed in cyanelles (permanent blue-green algallike symbionts which are present in a diverse array of colorless host cells) and blue-green algae. The close proximity of rbcL and rbcS in 0. luteus suggests that both these genes may be under the control of a single promotor as seen in prokaryotes and cyanelles (16, 25) .
It would be of interest to know how the chloroplast DNA Large and Small Subunit Amino Acid Analysis. Carboxymethylation of the purified subunits was performed in the following manner. DTT (in a 1:1 w/w ratio) was added to the purified RuBPCase subunits which were dissolved in 6.0 M GuHCl (pH 7.0). After 2 h incubation at room temperature, a 3:1 (w/w) ratio of iodoacetamide to protein was established by adding solid iodoacetamide and this mixture was incubated in the dark for 15 min. The subunits precipitated during exhaustive dialysis at 4°C against distilled water and were collected by centrifugation for 15 min in a Beckman microfuge. Following lyophilization, 20 Mg of each sample was hydrolyzed with 6 N HCl at 1 10°C for 40 h. Amino acid composition was determined using a Dowex D-500 amino acid analyzer following manufacturer's specifications. Five nmol of norleucine was provided as an internal standard. Tryptophan and cysteine were not analyzed by this procedure.
Carboxylase Assay. The standard carbon fixation assay modified from Yeoh et al. (33) was run at 23°C in a final volume of 0.2 ml and contained 100 mM Bicine NaOH (pH 8.0), 10 mM MgCl2, 1 mM DTT, 500 ,M RuBP, 10 mM NaH'4CO3 (0.5 Ci/ mol), 20 u1 enzyme extract (activated with 30 mM NaHCO3). The reaction was terminated after 1 min by adding the contents of the reaction mix to a scintillation vial which contained 0.2 ml of 2 N HCI. Unfixed CO2 was driven off by heating these vials in an 85°C water bath, 0.1 ml distilled H20 added to solubilize the acid-stable product, then after 20 min, 3.0 ml scintillation fluid (0.4% PPO, 0.1 mg/ml POPOP in 2:1 toluene: Triton X-100) was added. The radioactivity was quantified using a Beckman LS-7800 liquid scintillation counter and counts per min corrected for quenching using a standard which contained a known amount of NaH'4C03 in pH 10 water.
For the kinetic assays, a C02-free reaction mixture was prepared in the following manner. Assay buffer (0.25 ml) which had been flushed with N2 at low pH then adjusted with C02-free NaOH to pH 8.0 was added to a serum stoppered vial. RuBP (0.15 gmol) was then added to the vial, the system purged with N2, and 2 Ci/mole NaH'4C03 added. For Km (C02) determination, the HC03-concentration ranged from 0.7 to 15.5 mM in a final volume of 0.3 ml, with a fixed RuBP concentration of 0.5 mM. For Km (RuBP), the RuBP concentration was varied from 5 to 400 ,M and the HCO3 concentration was 10 mM.
Reducing the 'carryover' of bicarbonate in the assay solution to 7.5% of the final bicarbonate concentration was achieved by initiating the reaction with a minimal amount of NaHCO3 activated enzyme (5 Al). This concentration of NaHCO3 permitted full activation of the enzyme (Fig. 3 , and "Discussion"). Catalysis was stopped after 30 s by the addition of 0.3 ml 2 N HCl in methanol. This solution was transferred to a scintillation vial and evaporated to dryness in an 85°C water bath. The amount of radioactivity was quantified as described above. When calculating HCO3 concentration and specific radioactivity, the amount of bicarbonate carried over into the assay solution from the activation step was considered. The CO2 concentration at-23°C (pK' of 6.39 for HCO3-Z± CO2 equilibrium) was determined using the Henderson-Hasselbach equation (31; Ref. 1 for discussion). All slopes and intercepts were obtained from least squares regression analysis performed on Lineweaver-Burk double reciprocal plots.
As a control, a crude spinach homogenate was desalted through a Sephadex G-25 column (33), and assayed using our buffer system and methodology. RESULTS Enzyme Isolation. Method of cellular disruption was found to be critical in the quantitative recovery of RuBPCase. Although resuspension of the naturally wall-less alga Olisthodiscus luteus in a low ionic strength buffer resulted in cell lysis, chloroplasts remained structurally identifiable. Organelle integrity probably results from the extensive four membrane complex (21) which surrounds each plastid. Complete cellular disruption was effected using a french pressure apparatus. By trial and error it was found that 2.3 x 107 cells/ml was an optimal cell density during this step. Higher cell densities during cellular disruption resulted in significant loss of RuBPCase activity.
As seen in the purification scheme of Table I (7, 12) .
In these studies, the 'short column technique' (2) was modified to allow maximum separation of Olisthodiscus RuBPCase ( Fig.   1 ) from contaminating cellular proteins. This method requires a minimum centrifugation time (2 h) through a short, steep sucrose gradient. The main advantage of the modified short column technique is to reduce the probability of RuBPCase degradation which often occurs when an extended centrifugation procedure is used in the purification of this enzyme (13) . RuBPCase recovered from sucrose gradients (Table I) was highly purified and concentrated. Similarly purified enzyme was used in experiments to determine catalytic optima. Ion exchange chromatography on DEAE-Sepharose removed minor peptide contaminants of 29 to 32 kD which were frequently present in the RuBPCase fractions obtained from the sucrose gradient. This chromatography step also increased the 280/260 ratio of the recovered enzyme from approximately 1.5 to at least 1.9 (Table I) . Electrophoresis on 12% denaturing polyacrylamide gels followed by silver staining demonstrates that only the 55,000 and 15,000 RuBPCase polypeptides are present after ion exchange chromatography on DEAE-Sepharose. (Fig. 2a) . Gels cast at different polyacrylamide concentrations were used to compare the mobility of RuBPCase subunits with that of known mol wt standards (Fig. 2b) . The size of the large and small subunits were determined to be 55,000 and 15,000 D, respectively.
The following equations were used to determine the number of large and small subunit polypeptides present in the Ofisthodiscus RuBPCase holoenzyme: ma = l5Aa mb 5SAb (1) and ma 55k + mb 15k = c (2) where ma and mb equal the number of large and small subunit polypeptides, Aa and Ab are equal to the area of densitometric gel scans or elution profiles of LS and SS polypeptides, and c is equal to the mol wt of the holenzyme which was determined by sedimentation analysis; 55k and l5k represent the mol wt of the large and small subunit polypeptides, respectively. Table II . When the mole ratio of each amino acid present within the Olisthodiscus large subunit polypeptide is plotted against the mole ratios published for bacterial, algal or land plant species, correlation coefficients of the best-fit lines are obtained (Table III) . Correlation coefficients (r 2 9.9) indicate that, as expected, the amino acid composition of 0. luteus large subunit is highly conserved. The same comparative analysis done with 0. luteus small subunit demonstrates that less conservation occurs between this algal protein and the small subunit polypeptides of the diverse organisms listed. Correlation coefficients obtained for Olisthodiscus versus Olisthodiscus (replicate experiments) and for spinach versus spinach (data obtained from two different research groups) give high correlation values, and thus serve as controls for this method of polypeptide comparison.
Activation of Olisthodiscus RuBPCase. To achieve maximum carboxylase activity, RuBPCase requires (11) a precatalytic incubation with both HCO3-and Mg2" (Table IV) . Activation involves the binding of CO2 in a rate limiting step to an e-amino group of a lysyl residue on the large subunit of the holoenzyme, followed by the rapid binding of the Mg2+ ion to the newly formed carbamate (14) . As seen in Figure 3 (Fig. 4) .
When HCO3 or Mg2e were used individually to activate 0.
luteus RuBPCase, only 5.5 and 1.6%, respectively, of the expected maximum enzyme activity was obtained. (Table IV) . Effect of bicarbonate concentration used in activation on Km (CO2). Crude extracts (1 8,000g supematant) of 0. luteus were activated for 30 min at room temperature with 10 mM MgCl2 and the indicated concentration of NaHCO3. These differentially activated extracts were used to initiate catalysis. Since different concentrations of NaHCO3 were used for activation, varying amounts of CO2 were added to the catalytic reaction. These additions were considered when determining the Km (CO2) value. influence on the activation process, for DTT had only small effect on the activation response (Table IV) .
Catalytic Opdma. The effect of Mg2" concentration on the rate of CO2 fixation catalyzed by Olisthodiscus RuBPCase is shown in the representative experiment of Figure 4 . Approximately 2.5 to 4.5 mM level of this ion is necessary for the maintenance of maximum catalytic activity. These values were calculated to include the carryover of Mg2e which was used to activate the enzyme (see above).
The pH dependence of Olisthodiscus RuBPCase is demonstrated in Figure 5a . Optimal enzyme activity is observed to occur at pH 7.8 with a rapid decline in catalysis below pH 7.5 and above pH 8.1. As shown in Figure Sb, (30 mM MgCl2) was assayed in Mes (pH 6.0-6.5), Hepes (pH 7.0-7.5), and Bicine (pH 7.5-9.0) buffers as described in "Materials and Methods." No differences in catalytic activity were detected due to buffer alone. Points reflect the average values from replicates of two separate experiments, the average variation of the mean 8 x 10-' umol. The specific activity of the enzyme preparations was greater than 2.0 Mmol (CO2 fixed/min-mg of protein). b, Active enzyme was added to the reaction mixture (assay buffer and RuBP), which had been preequilibrated for 5 min at the appropriate temperature. NaH'4CO3 was introduced to initiate the 30 s reaction. reaction were determined. Purified Olisthodiscus enzyme was preincubated for an extended time (30 min) in the presence of 10 mM Mg2e and 30 mM NaHCO3 to ensure complete activation of the enzyme. A Km (CO2) value of 45 ± 6.0 ,uM was obtained from data generated using six different Olisthodiscus enzyme preparations. A representative experiment is presented in Figure  6 . The RuBPCase of Olisthodiscus is slightly inhibited at bicarbonate concentrations greater than 10 mM. Although similar levels of substrate inhibition have been reported to occur for C3 plants (33) , concentrations greater than 50 mM HCO3 are required to depress the carboxylation reaction of the alga Synechococcus (1) . Control experiments demonstrate (data not shown) that the Km (CO2) obtained with spinach RuBPCase was 23 1M which is similar to reported values.
The Km (RuBP) value for Olisthodiscus RuBPCase was 48 + 3.0 ,uM which is within the range determined for virtually all plant carboxylases studied to date (33) .
The carboxylation reaction catalyzed by the Olisthodiscus enzyme is competitively inhibited by oxygen (Fig. 7) . The observation suggests that this enzyme is analogous to other RuBPCase enzymes in their ability to catalyze the oxygenolytic cleavage of RuBP.
DISCUSSION
Ammonium sulfate fractionation, sucrose gradient centrifugation followed by ion exchange chromatography on DEAESepharose resulted in the rapid purification of RuBPCase from the chromophytic alga Olisthodiscus luteus. Although the size of the holoenzyme (588 kD) and its composite large (55 kD) and small (15 kD) subunits, as well as their stoichiometry (8:9) , are remarkably similar to other RuBPCase enzymes, the 0. luteus enzyme differs in its ability to precipitate at low (10%) (NH4)2SO4 concentrations. This response is not immediately explained by the amino acid composition of the Olisthodiscus enzyme (Table  II) . The percent hydrophobic amino acids in the large and small subunits do not significantly differ from those observed for other RuBPCase subunits which have been studied. DNA sequencing studies of 0. luteus RuBPCase are in progress and will provide data on the primary structure of both polypeptides.
An amino acid substitution rate for the large subunit of RuBPCase has been reported to be 0.25 to 0.5 x 10-9 year-' site-' which is similar to that reported for Cyt c or insulin (0.35 x IO-' year-' site-') and below that reported for the chain ofhemoglobin (1.2 x IV-9 year' site-') (24) . Our data demonstrate that the amino acid composition of the large subunit polypeptide of RuBPCase is highly conserved when compared to the 55 kD polypeptide from chlorophytic plants and from blue-green algae (Table III) . A similarity in amino acid composition is expected given the obligate nature and specificity of the CO2 fixation reaction which is catalyzed by RuBPCase, and the localization of active site residues to the large subunit (14) . Conservation of polypeptide composition as a result of functional constraint is not a new concept and has been suggested previously for RuBPCase large subunit (30) . However, amino acid composition provides little information on evolutionary relationships and no data on the primary structure. For example, the large subunit amino acid sequence of R. rubrum is much less conserved (14) than the amino acid composition of this polypeptide. Antibody cross-reactivity studies (SM Newman, RA Cattolico, unpublished data) and DNA sequence analysis (MF Hedberg, RA Cattolico, unpublished data) demonstrate that the 0. luteus large subunit differs from that of chlorophytic plants.
The conserved nature of the large subunit may not be exclusively due to the functional constraints imposed by the presence of active site residues in this polypeptide. Chloroplast genomes exhibit a high degree of base sequence conservation and evolve more slowly than single copy plant nuclear DNA (17) . This conservation may result from a reduced diversity in chloroplast DNA populations imposed by selective inheritance patterns (e.g. maternal inheritance and/or selective division). It may also be due to the highly polyploid nature of the chloroplast genome. An Olisthodiscus cell has at least 600 ctDNA molecules while higher plants can contain as many as 50,000/cell. High chromosome numbers within the plastid and selective inheritance will preclude replication, transmission, and expression of a mutant genotype and represent a form of genetic buffering.
The small subunit of RuBPCase in chlorophytic plants is nuclear encoded in a small (2-10 copy) multigene family. Minimal conservation of small subunit is reflected by significant differences in amino acid composition and isoelectric points among chlorophytic rbcS gene products. This suggests a rapidly evolving nuclear encoded small subunit. Comparative analysis ofRuBPCase small subunit polypeptides which are nuclear DNA versus chloroplast DNA coded may provide a clue to the evolutionary canalization/constraint of this polypeptide. 
